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ABSTRACT 
 
Rheological and mechanical properties as well as long term volume stability seem to be 
the target characteristics in developing SCC for concrete applications. Calcareous fly 
ash as mineral admixture in concrete mixtures often increases water demand for a 
required consistency. This does not favor the proportioning of SCC with this fly ash 
since viscous mixtures of low mobility are produced. However, calcareous fly ash 
exhibits noticeable self-cementing capacity and could replace a high volume of Portland 
cement. In this experimental work, a calcareous fly ash replaced cement in different 
proportions up to 50% by mass and the effects on rheological properties and 
mechanical characteristics were measured, as well as shrinkage deformations. All 
necessary modifications in proportioning and mixing are also mentioned. Based on the 
results, the production of SCC of adequate 28-day strength (50 MPa) with high volume 
calcareous fly ash can be achieved. 
 
 
INTRODUCTION 
 
A well known practice for optimizing Self-Compacting Concrete (SCC), which is 
characterized by the high volume of cementitious paste, the high consistency and 
passing ability with resistance to segregation and bleeding [1], is the use of mineral 
admixtures such as fly ash, which often replaces around 35% of cement clinker. This 
alternative is cost-effective, provided that fly ash is a locally available low-cost by-
product, it contributes to the reduction of emissions and enhances consistency at low 
water-cementitious materials ratio (w/cm) of SCC [2]. 
 
In many areas such as Greece the available fly ash emanates from the burning of 
lignite, is of high calcium content and may be characterized as ASTM class C or as 
calcareous fly ash according to EN 197. It could be said that although these fly ashes 
constitute more than half of the total fly ash production in Europe, their exploitation is 
much less compared to that of siliceous type fly ashes, according to the ECOBA 
statistics [3]. This is attributed to problems related to their homogenization, their free 
lime and sulfate contents, as well as to the excess of calcium aluminate compounds 
when high-calcium fly ashes are used in combination with cement in concrete 
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production. However, their abundancy as well as the potential for upgrading their quality 
provides a strong motive for their beneficial utilization in concrete production, since they 
contribute to early strength development more than siliceous fly ashes, due to their self-
cementing hydraulic character. In Greece, there is a long-term experience in using 
calcareous fly ash in blended cement production and in infrastructure projects such as 
grouting and roller compacted concrete production [4], while its use in concrete 
production is covered by a National Standard [5]. 
 
The studies on the use of calcareous fly ash in SCC are very limited. This lack of 
interest could be attributed to the particular behavior of calcareous fly ash in concrete 
mixtures. For example, calcareous fly ashes often increase water demand which seems 
to be a negative effect for SCC proportioning. However, as research has proven, there 
are ways to overcome such problems and have technical advantages from calcareous 
fly ash incorporation into the cementitious material of SCC. In this paper, calcareous fly 
ash (HCFA) was used for 30% and 50% wt. of cement replacement in SCC mixtures. 
Basic properties of fresh and hardened SCC were measured in order to determine if the 
addition of high volume of HCFA in the cementitious material may render a SCC of 
sufficient quality. 
 
SCC mixtures develop higher shrinkage deformation and present greater cracking 
tendency especially at early stages (called autogenous and plastic shrinkage) compared 
to ordinary concrete mixtures [6]. In this paper, the effect of calcareous fly ash on early 
shrinkage development was also measured. According to the literature [7], plastic 
shrinkage occurs when evaporation exceeds the rate of bleeding in a fresh mixture until 
its hardening. In addition, autogenous shrinkage takes place independently of external 
forces and evaporation and is confronted with difficulty in SCC. In order to mitigate early 
shrinkage and cracking tendency, different fiber types, expansive agents [8] and 
shrinkage-reducing admixtures (SRAs) [9], as well as internal curing [10] have been 
used. Among the expansive agents used, CaO-based and calcium sulfoaluminate-
based agents have been advantageously used to compensate early deformation of 
concrete mixtures. 
 
The calcareous fly ash produced in Greece is a very low-priced by-product that 
possesses self-cementing and pozzolanic properties, while most of it is characterized by 
relatively high content in free lime, sulfates, calcium aluminate and calcium 
sulfoaluminate compounds [11]. In previews research [12] it has been proven that 
ettringite is formed and detected in the fly ash mixture one hour after water addition. 
Moreover, the huge amount of fly ash output (around 11 million tons per year) allows for 
the selection of fly ash under prescribed limits. Previous experience from the use of this 
calcareous fly ash in grouts has shown that water retentivity of fly ash-based grouts is 
very high and the bleeding potential is substantially reduced in comparison to the 
control mixtures with net cement clinker [13]. 
 
 
EXPERIMENTAL PART 
 



-  Materials selection and proportioning 
 
The design of a high-paste-content SCC was based on the recommendations found in 
the literature [14-16]. The materials selected were cement type CEM I42.5N according 
to EN 197-1, local HCFA and limestone filler, the characteristics of which are shown in 
Table 1. 
 
Table 1. Characteristics of the materials used for SCC trial mixes 
 Raw material 
Constituents (%) CEM I42.5N HCFA Limestone filler 
SiO2  29.42 3.8 
CaO 66.84 41.70 51.3 
Al2O3 2.40 6.69 1.0 
Fe2O3 8.11 5.26 0.4 
SO3  3.85 - 
MgO 3.91 7.3 1.2 
CaOfree  10.63 - 
K2O 1.08 0.80 - 
Na2O 0.57 0.38 - 
L.O.I. 1.91 8.46 41 
Insoluble residue 0.8 9.93  
Fineness (R45 retained, %) 1.5 19  
Apparent specific density kg/dm3 3.14 2.55 2.71 
EN 450-1 pozzolanicity index with 
cement at 28-days (%) - 85 - 

 
A polycarboxylate-based superplasticizer (PC) was used at a percentage of 1÷2% wt. of 
cement + fly ash and a viscosity modifying agent (VMA) at a percentage of 0.25% wt. of 
the total cementitious content passing the 45 μm sieve. A mix of different fragments of 
crushed limestone aggregates was used based on the gradation of each fragment and 
Fuller’s curve in order to achieve the best packing factor of the aggregate mix as shown 
in Fig.1. 
 
Many trial mixtures were prepared and tested in order to conclude on the proportioning 
of the optimum high HCFA volume SCC mixture. Finally, 30% and 50% of the cement 
quantity was replaced in the test SCC mixtures. The acceptable limits regarding the 
workability of fresh cement were 500-700 mm expansion in the slump flow test and a 
passing ability H2/H1 > 0.80 in the L-box test.  
 
From this preliminary research it was obvious that in order to produce acceptable SCC 
mixtures with HCFA, higher dosages of PC admixture should be added compared to the 
control mixture. As indicated in Fig.2, the water demand of CEM I42.5N – HCFA 
standard consistency pastes increases as the percentage of cement replacement by 
HCFA is increased in both cases (with and without PC). Therefore, it was decided to 
add higher dosages of PC into the HCFA SCC mixtures. 



 
Fig. 1. Granulometry of aggregate mix used in all SCC mixtures 
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Fig. 2 Water demand of CEM I42.5N-HCFA pastes of standard consistency according to 
EN 196-3 
 
Amongst the different trial SCC mixtures, only three (control with 100% CEM I42.5N as 
binder, CF1 and CF2 which had a 30% and 50% wt. cement replacement with HCFA, 
respectively) were selected and are presented in Table 2. 



 
Table 2. Proportioning of SCC mixtures 

Material Reference  
(CEM I42.5N) 

CF1 
(30%) 

CF2 
(50%) 

CEM I 42.5N (kg/m3) 400 280 200 
HCFA (kg/m3) - 120 200 
Limestone filler (kg/m3) 160 160 160 
w/cementitious ratio 0.45 0.49 0.51 
Superplasticizer (% wt. of cementitious) 1.12 1.35 2.0 
VMA (% wt. of material <45μm) 0.25 0.25 0.25 
Sand 0-4 mm (kg/m3) 978 978 978 
Coarse sand 4-8 (kg/m3) 326 326 326 
Crushed limestone 8-16 mm  (kg/m3) 326 326 326 
Workability (flow in mm) 670 560 720 
L-box H2/H1 0.90 0.85 0.90 
 
 
- Mixing, specimen preparation and testing 
 
Aggregates were first weighted, then placed into the mixer together with ¼ of the total 
water quantity and 1 min slow mixing was applied. Afterwards, cement plus fly ash and 
limestone filler were added together with the water, the PC superplasticizer and VMA. 
Based on previous experience, PC was added 3 minutes after the addition of water. 
After proper mixing the measurements of slump flow test and L-box were carried out 
(Table 3). 
The SCC mixtures were cast in specimens; cubes (15x15x15 cm), cylinders (15x30 cm) 
and prisms (10x10x40 cm) which, after demoulding, were cured in a climatic chamber 
(95% RH and 20°C temperature). Compressive strength, modulus of rupture and 
splitting tensile strength were measured, as well as the elastic modulus of concrete, 
based on stress-strain diagrams. The dynamic modulus of elasticity was also estimated, 
based on ultrasonic pulse velocity measurements. The results are shown in Tables 4 
and 5. 
 
Table 3. Properties of fresh SCC mixtures 
 Slump flow test L-box test 

SCC mixture d1 
(mm) 

d2 
(mm) 

d3 
(mm) 

T500mm 
(s) 

Tfinal 
(s) 

H2/H1 T 
(s) 

Control 650 670 680 4 24 0.90 3 
CF1 (30%) 570 560 540 10 33 0.85 10 
CF2 (50%) 700 740 720 5 29 0.90 5 
 
 
 
 
 
 



Table 4. Mechanical and elastic properties of SCC mixtures 

Properties\Concrete Mixtures Control  
(CEM I42.5N) CF1 (30%) CF2 (50%) 

28-d cube/28-d cylinder Compressive 
strength (MPa) 47.37/40.65 46.50/34.50 49.91/38.58 

28-d Modulus of rupture (MPa) 7.80 7.00 7.45 
28-d Splitting tensile strength (MPa) 2.08 1.91 2.02 
28-d Elastic modulus (GPa) 36.91 36.22 39.61 
Calculated 28-d elastic modulus (GPa)* 34.31 32.43 33.72 
28-d Dynamic modulus of elasticity (GPa) 54.03 52.81 55.13 
*values calculated based on cylindrical compressive strength according to the CEB-FIP 
Model Code Ec28 = 2.15 x 10(fcm/10)1/3 

 
Table 5. Rate of strength development of SCC mixtures 

Properties\Concrete Mixtures Control  
(CEM I42.5N) CF1 (30%) CF2 (50%) 

Cubic 7-d compressive strength (MPa) 40.80 39.61 36.46 
Cubic 28-d compressive strength (MPa) 47.37 46.50 49.90 
Increase (%) 16.1 17.4 36.9 
 
A number of prisms were placed after demoulding in a conditioned chamber with 50% 
RH and 20°C temperature in order to measure free shrinkage deformations using 
displacement transducers (LVDTs) attached on the specimens and connected to a data 
logger. Two prisms from each SCC mixture were fully wrapped in membrane in order to 
measure autogenous shrinkage. The early shrinkage deformations in microstrain 
measured for both wrapped and exposed specimens have been plotted in Figs. 3 and 4. 
 

 
Fig. 3 Early shrinkage deformations of SCC mixtures at 20°C and 50÷60% RH 



 
Fig. 4 Early shrinkage deformations of wrapped SCC specimens at 20°C 
 
 
RESULTS AND DISCUSSION 
 
A 28-d compressive strength of about 50 MPa has been achieved with a 50% cement 
replacement by HCFA, keeping a low water to cementitious ratio (0.51) by using almost 
a 2% wt. of cementitious dosage of PC superplasticizer. The 7-day compressive 
strength of this SCC mixture corresponds to 72% of the 28-day strength. The CF1 SCC 
mixture with 30% of the total cementitious material HCFA has developed 28-day 
compressive strength comparable to that of the control mixture (46-50 MPa), by keeping 
the water to cementitious ratio equal to 0.49 and also by increasing the PC 
superplasticizer dosage by 20%. However, the rheological characteristics of the fresh 
mixture were barely acceptable and a higher dosage of PC should be added. 
 
Early shrinkage deformations of HCFA SCC mixtures are clearly lower than those of the 
control mixture. Autogenous shrinkage measured in the case of wrapped specimens 
was also lower in HCFA mixtures. This behavior of HCFA SCC mixtures is considered 
to be related to the constituents of HCFA, reacting as expanding agents for the period 
from demoulding until hardening. 
 
CONCLUSIONS 
 
Research on the use of HCFA as supplementary material in SCC mixtures is very 
limited and according to the results of this research work it seems that a selected HCFA 
may replace high volume of cement in such mixtures. The extra water demand due to 
the incorporation of HCFA in the mixture can be confronted by increasing the 
superplasticizer dosage, while the very low price of HCFA (about 5% of the cement 



price) allows for such modifications of the SCC proportioning or for the improvement of 
HCFA quality. Thus, adequate fluidity without segregation may be achieved in fresh 
mixtures. Also, the compressive strength of the hardened SCC with 50/50 CEM 
I42.5N/HCFA as cementitious material (about 50 MPa) is comparable to that of the 
control mixture, while the other mechanical and elastic properties measured were also 
sufficient. Furthermore, the incorporation of HCFA in SCC mixtures seems to reduce 
early shrinkage deformations (autogenous and plastic). Consequently, the production of 
high volume HCFA self compacting concrete seems feasible and technically 
advantageous. 
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